Introduction
Cancer disproportionately affects elderly people, the median age being 70 yr in industrialized countries [1] . The elderly have accumulated more genetic damage related to environmental carcinogens and have reduced immune function or immunosenescence [1] . Immunosenescence is characterized by a contraction of the naive T cell compartment and CD4 + and CD8 + T cell functional deficiencies, which impair anti-tumor immunity [2] . As such, cancer immunotherapy must account for agerelated immune changes.
There has been significant progress in the field of ACT, primarily through development of CAR-T cell platforms. Autologous T cells can be genetically engineered to express proteins that confer exquisite specificity for tumor antigens by introducing genes that encode CARs. In our recent CAR-T Phase I/II systemic infusion (NCT00429078, NCT00673322, NCT00673829) and Phase I/Ib regional hepatic artery infusion (NCT01373047, NCT02416466) trials, we have tested the safety of CAR-T cells that are specific for CEA, which is expressed in several adenocarcinoma subtypes, including colorectal and pancreatic cancers [3] . The infusion of CAR-T cells that are tumor antigen specific offers patients an immediate, highly specific immune response, in contrast to vaccines that are designed to generate immunity within the host.
In elderly patients, there is a major phenotypic shift away from naive T cell phenotypes that could render ACT less effective compared with younger patients [4] . To gain insight into potential age-related CAR-T deficiencies, we are interested in exploring how responses to T cell-activating cytokines differ between yCAR-T and gCAR-T. IL-2 and IL-15 both signal through the common gc and IL-2b chain receptors but are functionally distinct regulators of T cell proliferation and differentiation. Both IL-2 and IL-15 are known to activate the Jak/Stat, PI3K/Akt, and Mek/Erk signaling pathways [5] , but they have differential immunotherapeutic effects. IL-15 preferentially induces memory and effector T cell programming, and hence, there is growing interest in using exogenous IL-15 instead of IL-2 for CAR-T support [6] . We speculated that IL-15 may compensate for age-related defects in gCAR-T.
In the present study, we investigated the production and antitumor activity of gCAR-T and evaluated whether gCAR-T or yCAR-T responds differently to IL-2 or IL-15. Given the emergence of CAR-T therapies in the context of an aging population that is at high risk for cancer, we undertook the present study to address potential age-related CAR-T cell deficiencies. We hypothesized that gCAR-T donors would demonstrate functional impairments relative to yCAR-T. Furthermore, we define a mechanism to explain gCAR-T impairment and a strategy for rescuing gCAR-T after production.
MATERIALS AND METHODS

Cell cultures, transduction, and cell expansion
PBMCs were isolated using Histopaque (Sigma-Aldrich, St. Louis, MO, USA) from whole blood, obtained from 8 young (18-45 yr) and 8 geriatric (.65 yr) healthy donors. PBMC was activated for 48 h with anti-CD3 (50 ng/ml, OKT3; Centocor Ortho Biotech, Raritan, NJ, USA), and cells were maintained at 2 3 10 6 /ml. PBMCs from young and geriatric donors were transduced thrice using the retroviral delivery system to generate CAR that combines portions of CD28, TCR zeta and a single chain antibody domain (sFv) specific for carcinoembryonic antigen into a single molecule [7] . CAR expression was measured 48 h post-transduction using an anti-idiotype antibody (WI2; Immunomedics, Morris Plains, NJ, USA) or Fc-CEA fusion protein by flow cytometry [7, 8] . Cells were expanded in the presence of IL-2 (3000 IU/ml; Prometheus, Sharon, MA, USA) or with IL-15 (5 ng/ml; National Cancer Institute) for 20 d. For M-CSF and TGF-b1 treatments, PBMCs were activated as mentioned above and treated simultaneously with M-CSF (5 ng/ml; PeproTech, Rocky Hill, NJ, USA) or TGF-b1 (10 
Western blot
T Cells were lysed with radioimmunoprecipitation assay buffer (Thermo Fisher Scientific), supplemented with protease inhibitor cocktail (Roche Diagnostics, Indianapolis, IN, USA), 1 mM NaVO 4 , and 1 mM NaF . Protein lysates were prepared and subjected to Western blot analysis using antibodies against total (t) and pErk, pAkt, pStat3, and pStat5 proteins. Each lane represents an individual donor. Triplicate samples were loaded for each treated group, and the signals were quantified by densitometric analysis and normalized to respective total proteins from 3 independent experiments. * (Sigma-Aldrich). Lysates were centrifuged at 10,000 rpm for 10 min at 4°C, supernatants were collected, and protein quantification was performed using a Bradford protein assay (Thermo Fisher Scientific) with BSA as the standard. Lysates were denatured using 2-ME (Thermo Fisher Scientific) and Laemmli sample buffer (Bio-Rad Laboratories, Hercules, CA, USA) and heated at 70°C for 10 min, electrophoresed in Mini-Protean TGX 4-15% gels (Bio-Rad Laboratories), transferred on the Trans-Blot Turbo polyvinylidene difluoride membrane (Bio-Rad Laboratories), and immunoblotted with specific primary antibodies. Primary antibody binding was detected using HRP-conjugated secondary antibodies (Cell Signaling Technology, Danvers, MA, USA) and ECL Prime Western blotting reagents (Amersham; GE Healthcare BioSciences, Pittsburgh, PA, USA) as chemiluminescence substrates. The immunoblots were analyzed and quantified using ImageJ software (NIH, Bethesda, MD, USA). Antibodies to pStat3, total Stat3, pAkt, total Akt, pErk, total Erk, and GAPDH-HRP mAb were from Cell Signaling Technology. pStat5 and total Stat5 were purchased from Santa Cruz Biotechnology (Dallas, TX, USA).
Cytotoxicity, perforin, and granzyme assays 
RT-PCR for perforin and granzyme B
Total RNA was isolated using the RNeasy Mini Kit (Qiagen, Germantown, MD, USA) from n = 8 samples of gT, yT, gT + M-CSF, and gT + TGF-b1 cells that were expanded in IL-2 or IL-15 for 20 d. For RT, iScript cDNA Synthesis kit and SYBR Select Master Mix (Thermo Fisher Scientific) were used for quantitative PCR, respectively. Granzyme B forward primer 59-TGC AGG AAG ATC GAA AGT GCG-39, granzyme B reverse primer 59-GAG GCA TGC CAT TGT TTC GTC-39, perforin forward primer 59-CAG TAC AGC TTC AGC ACT GAC-39, and perforin reverse primer 59-ATG AAG TGG GTG CCG TAG TTG-39 were used for RT-PCR [9] . For any sample, comparative threshold values were calculated, and GAPDH was used to normalize. RT-PCR of cDNA was performed using ABI Prism 7000 Sequence Detection System (Thermo Fisher Scientific).
Statistics
All data are expressed as means with SEM. Statistical significance was performed using one-way ANOVA, and when ANOVA was significant, individual differences were evaluated using Bonferroni post hoc test using GraphPad Prism software (GraphPad Software, La Jolla, CA, USA). Values of P , 0.05 were considered statistically significant.
RESULTS AND DISCUSSION
To examine the differences in CAR expression between gT and yT, PBMCs were isolated from both groups and activated with anti-CD3 for 48 h, followed by retroviral transduction to generate anti-CEA CAR-Ts. Transduction efficiency was measured in 8 subjects per group using flow cytometric analysis (Fig. 1A) and was found to be significantly lower in gCAR-T cells (21.3 6 2.2%) compared with yCAR-T (36.9 6 4.3%, P = 0.002). Prior reports indicate that aging causes a decrease in lymphocyte proliferative capacity as a result of changes in signal transduction pathways [10] . Untransduced and transduced cells were maintained in IL-2 (3000 IU/ml) or IL-15 (5 ng/ml) for 20 d. There was significantly higher expansion of yCAR-T compared with gCAR-T (2.4-fold for IL-2 and 2.1-fold for IL-15, P , 0.005) that was not affected by transduction (Fig. 1B) . IL-15 did not confer a significant benefit for gCAR-T expansion compared with IL-2 (Fig. 1B) .
The IL-2 and IL-15 receptors signal through multiple proliferation pathways that include Akt-, Erk-, and Jak-dependent activation of Stat3 and Stat5 [11] . pAkt, pErk, pStat3, and pStat5 were increased significantly in yCAR-T cells (Fig. 1C) , indicating that gCAR-T cells had relatively impaired pro-proliferation signaling despite being treated with IL-2 or IL-15. Enhanced pStat3 and pStat5 protein levels are observed in the presence of IL-2 (3000 IU/ml) and IL-15 (5 ng/ml) in the media used for expansion of CAR-T during production. IL-2 and IL-15 are known to induce Jak/Stat signaling via the IL-2/IL-15bR and common gc [12] . Similar results were observed in untransduced cells, implying that CAR expression had no impact on the differences in cellular signaling (data not shown).
TCR ligation, CD3 activation, and CD28 costimulation induce an intricate signaling cascade that leads to naive T cell proliferation and EC programming [13] . This differentiation depends on the cytokine milieu and on other contextual factors, such as antigen type, antigen presentation, and other costimulatory molecules. Studies show the importance of memory CD8 + T cells, which are known to recognize and destroy tumor cells [14] and prevent tumor relapse [15] . Phenotypic profiling was performed for both untransduced and transduced T cells treated with IL-2 or IL-15 (Fig. 2) (Fig. 2A) .
yCAR-T contained higher proportions of CD4 + ECs (64.3 6
7.6%, P = 0.003) and CD4 + EM (43.2 6 6.8%, P = 0.002) and CD8 + EM (16.5 6 3.6%, P = 0.002) cells. EM cells provide immediate protection from a peripheral challenge, whereas central memory cells provide a source of new EC [17] . We did not observe any significant differences in the phenotypes between IL-2-or IL-15-treated cells. Similar results were also observed in the untransduced cells (data not shown). Although studies show a relative decrease in naive populations in elderly patients [4] 
, ex vivo expansion resulted in similar proportions of naive T cells among gCAR-T and yCAR-T cells (data not shown). For both CD4
+ and CD8 + gCAR-T cells, we noted significantly higher numbers of CD45RA + CD45RO + cells (83.5 + 3.6 for gCAR-T vs. 11.3 + 2.1 for yCAR-T, P = 0.0003, for CD4 + cells; 75.6 + 5.3 for gCAR-T vs. 8.5 + 1.6 for yCAR-T, P = 0.0004, for CD8 + cells) that could represent either a transitional or an EC type [18] , known to represent a small proportion of CD4 + T cells [19] . This could possibly imply that gCAR-T cells do not terminally differentiate into memory cells and ECs, where they express either CD45RA or CD45RO [16] . tumor cells, and the latter served as a CEA-specific cytotoxicity control. As expected, yCAR-T cells exposed to IL-2 or IL-15 had significantly higher CEA-specific cytotoxicity compared with gCAR-T (1.7-fold for IL-2 and 1.6-fold for IL-15 over respective gCAR-T, P , 0.005), with no difference among untransduced CAR-T cells (Fig. 3A and B) . Human CD8 + EM cells exhibit direct ex vivo lytic activity and constitutively express granzyme and perforin [20] , proteins used for lysis of target cells [21] . Enhanced tumor killing by yCAR-T correlated with increased levels of perforin (1305.6 6 174.1 ng/ml, P = 0.01) and granzyme B (481.1 6 32.5 ng/ml, P = 0.02) compared with gCAR-T for both IL-2 or IL-15 treatments (Fig. 3C  and D) . Overall, we found that there were enhanced numbers of CD4 + ECs and CD8 + EM cells among yCAR-T cells compared with gCAR-T cells, and possibly, this was accounting for the increased cytotoxicity observed in that group. Interestingly, when the cytotoxicity was normalized for transduction efficiency, gCAR-T cytotoxic function was similar to yCAR-T cells (data not shown).
As such, further experiments were focused on rescuing gCAR-T transduction to enhance CAR expression.
Integrins mediate cell adhesion and are responsible for cell-cell adhesion and cell migration [22] . a5b1 integrins play a crucial role in RetroNectin-based transduction of T cells, which was used for transducing T cells in this study [23] . RetroNectin, a recombinant human fibronectin fragment, contains a cell-binding domain that interacts with a5b1 integrins and thereby aids in colocalization of the cells with viral particles. The viral particles interact with the H-domain of the RetroNectin reagent and target the a5b1 integrin receptors on T cells facilitating physical proximity and thereby enhancing transduction efficiency. Flow cytometric analysis (Fig. 4A ) demonstrated significantly higher expression of the a5b1 integrin among yT cells compared with gT cells (44.4 6 4.2 vs. 22.3 6 2.0, P = 0.0003; Fig. 4B ), which correlated with the lower gCAR-T transduction efficiencies (Fig. 4C) .
M-CSF and TGF-b1 are known to up-regulate a5b1 integrin expression [24, 25] and modulate integrins, such as a1, a2, a3, a5, and b1, on many different cell types [26] . A previous study on hepatocellular carcinoma cells shows that TGF-b1 treatment causes an increase in a5 integrin subunit expression at protein and mRNA levels [24] . The increase in the b1 integrin subunit by TGF-b1 treatment is not a result of its increased mRNA levels but of its faster maturation and increased a5 subunit expression [27] . Studies performed on mature monocytes treated with M-CSF showed that enhanced mRNA levels of a5 and b1 and increased surface expression of b1 integrin could be a result of accelerated synthesis of the rate-limiting a5 subunit similar to TGF-b1 treatment [28] . In an effort to rescue the decreased a5b1 integrin expression levels in gT, we treated PBMCs isolated from geriatric donors with either M-CSF (5 ng/ml) or TGF-b1 (10 ng/ml) for 48 h during activation. We observed a significant increase of a5b1 integrin expression with both treatments among gT to levels comparable with yT (gT + M-CSF 41.0 6 1.0, gT + TGF-b1 31.8 6 1.4, yT 44.4 6 4.2, P , 0.0005; Fig. 4B ). There was also an increase in a5b1 integrin expression in yT cells treated with M-CSF or TGF-b1. However, the fold increase in yT cell a5b1 was not as pronounced as gT cells with M-CSF (1.5-vs. 2.3-fold) or TGF-b1 (1.2-vs. 1.8-fold; data not shown).
The treated cells were then transduced, and the CAR expression was rescued in gT cells (yCAR-T 36.9 6 4.3, gCAR-T 21.1 6 2.2, g-T + M-CSF 41.4 6 1.0, g-T + TGF-b1 40.1 6 2.0, P , 0.002 vs. gCAR-T; Fig. 4C ). To establish a direct link between the a5b1 integrin expression and the rescue of gT CAR expression, we neutralized a5b1 with an antibody before transduction. We confirmed minimal CAR expression (gT + M-CSF + anti-a5b1 1.8 6 0.5, gT + TGF-b1 + anti-a5b1 0.9 6 2.0, P , 0.0000001 vs. gCAR-T) in a5b1-blocked geriatric cells that were rescued with M-CSF or TGF-b treatments. Efficiency of a5b1 neutralization was confirmed in a competitive binding assay (data not shown). The Protein lysates were prepared and subjected to Western blot analysis using antibodies against and total (t) and pErk, pAkt, pStat3, and pStat5 proteins. The immunoblots were reprobed with antibody against GAPDH to control for equal loading. Triplicate samples were loaded for each treated group, and the signals were quantified by densitometric analysis and normalized to respective total proteins Results are shown as means 6 SEM. *P , 0.05, treated gCAR-T or yCAR-T was compared with gCAR-T. (B) RNA isolated from M-CSF (5 ng/ml)-or TGF-b1 (10 ng/ml)-treated activated gCAR-T cells expanded in the presence of IL-2 or IL-15 for 20 d was subjected to quantitative PCR. Results are shown as means 6 SEM. * intracellular signaling events in which M-CSF and TGF-b1 preferentially enhance a5b1 expression in gT cells require further study. Phenotypic analysis was performed on the gCAR-T cells treated with M-CSF or TGF-b1 and expanded for 20 d. yCAR-T contained higher proportions of CD4 + ECs (64.3 6 7.6%, P = 0.003) and CD4 + EM (43.2 6 6.8%, P = 0.002) and CD8 + EM (16.5 6 3.6%, P = 0.002) cells.
Interestingly, gCAR-T cells treated with M-CSF or TGF-b1 contained significantly higher levels of CD4 + EM cells (68.5 6
5.4, P = 0.004, for M-CSF; 77.5 6 6.2, P = 0.002, for TGF-b1), CD4 + ECs (17.5 6 2.6, P = 0.006, for M-CSF; 11.3 6 2.3, P = 0.002, for TGF-b1), and CD8 + EM cells (67 6 1.8, P = 0.003, for M-CSF; 73.3 6 3.4, P = 0.003, for TGF-b1) compared with untreated gCAR-T cells (Fig. 4D) . No significant differences between phenotypes were observed between IL-2-or IL-15-treated cells. Thus, the treatment with M-CSF and TGF-b1 reprogrammed the skewed gCAR-T phenotype to more closely resemble that of untreated yCAR-T cells.
As we did not observe any phenotypic or signaling differences between IL-2-or IL-15-treated gCAR-T or yCAR-T cells, we analyzed the signaling profile of gCAR-T cells treated with M-CSF or TGF-b1 and expanded in the presence of IL-2. Interestingly, the intrinsic signaling defect observed in gCAR-T cells was rescued with both treatments (Fig. 5A) , except for pStat5 protein expression. Integrins are known to regulate several intracellular signaling pathways, such as MAPK/Erk and PI3K/Akt, and could be a probable cause of the rescue phenotype observed in the treated gCAR-T cells [29] . We also analyzed mRNA transcript levels of perforin and granzyme B, and as expected, we found significantly diminished levels in gCAR-T cells compared with yT, which was reversed with M-CSF and TGF-b1 treatments (Fig. 5B) . To evaluate the anti-tumor efficiency of M-CSF-and TGF-b1-treated gCAR-T cells, we performed cytotoxicity assays, as described earlier, and demonstrated that M-CSF-or TGF-b1-treated gCAR-T cells had increased CEA-specific tumor killing compared with untreated gCAR-T. Cytotoxicity efficacy of the gCAR-T cells was rescued with M-CSF or TGF-b1 treatments in IL-2-or IL-15-treated cells (Fig. 5C) . Thus, our data support the fact that through enhancing a5b1 integrin levels in gCAR-T cells, we can overcome their functional deficiencies, which may improve the success of gCAR-T patient therapies.
In conclusion, this study suggests that impaired CAR expression among gCAR-T can hinder anti-tumor efficacy, which can cause deficiencies in immunotherapy of geriatric cancer patients. Whereas IL-15 did not rescue gCAR-T function in keeping with our initial hypothesis, M-CSF and TGF-b1 mitigated age-related CAR-T production defects through support of a5b1 integrin expression. Our preclinical in vitro data suggest that treatment of gT with M-CSF or TGF-b1 is a viable strategy for enhancing gCAR-T function to a level comparable with products created from younger donors. This study has translational impact, as it suggests that age-related CAR-T deficiencies are reversible. Confirmation of these findings in other CAR-T products, in addition to in vivo testing, is required before clinical application. AUTHORSHIP P.G. conceived, designed and performed experiments, analyzed and interpreted data and wrote the manuscript; M.C. performed the experiments; P.S. and N.J.E. critically reviewed the manuscript and designed experiments; R.P.J. provided crucial reagents, designed experiments, and critically reviewed the manuscript; S.C.K. conceived and designed experiments and wrote the manuscript.
